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“Polycrystal models of irradiation and thermal creep of cladding”

Carios N. Tomé
MST-8 — Materials Science and Technology Division — LANL

ABSTRACT
Irradiation-generated vacancies and interstitials migrate to dislocations and dislocation loops,

inducing dislocation climb. Such process produces irradiation and thermal creep, and is responsible
for the dimensional changes observed in cladding. As a consequence, modeling creep is central to
predicting deformation of cladding during reactor operation.

Cladding is an aggregate of crystallographic grains (i.e. austenitic steel or zirconium alloy). These
grains exhibit an orientation distribution (texture) induced by the manufacturing process, and the
dislocations inside the grains exhibit well defined orientations with respect to the grain axes. Asa
consequence, creep is a directional process, dependent on the grains’ orientations and on the
grain-to-grain interactions. Crystallographic models have the double advantage that they are based
on the actual mechanism of dislocation climb and glide, and that they account for the directionality
of creep (anisotropy).

We use an Effective Medium Polycrystal Model to simulate irradiation and thermal creep of
cladding. In this paper we will give a brief overview of the model, will show predictions of creep,
and will discuss how this constitutive description can be incorporated in Finite Element codes used
for large-scale fuel element simulations.
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Polycrystal models of irradiation and
thermal creep of cladding
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Modeling mechanical response of Zrly cladding under

irradiation

1- Irradiation Creep (stress driven) Pellet-Clad Interaction:

—> ongoing modeling effort
2- Irradiation Growth (no stress required)

—-> ongoing modeling effort -
3- Thermal Creep (stress driven) v

—> ongoing modeling effort
4- Fracture and Corrosion

€)

(degradation of mech ppties)
—> presently not being done
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Scales and techniques involved in modeling

Interstitial & vacancy diffusion and
interaction with dislocations

dislocation interactions,
dislocation climb, creep

-

Crystal Model

—

Creep and hardenin
Polycrystal Model } NI o !
Response of full
cladding element
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Integral Code
Used to solve dimensional changes and strength of cladding under variable
conditions of dose, stress and temperature.

Integral Code will interrogate an Interpolation Table provided by VPSC,
giving rate tensors as a function of acting stress tensors.

MACRO

fI

VPSC polycrystal model (anisotropic) of irradiation creep accounting for all mechanisms N\

and simulating dimensional changes of the cladding subjected to irradiation

MESO

_CrysFaI!ographlc model for Crystallographic model for Model of coupled thermal and >
irradiation creep & growth thermal creep based on irradiation creep
based on climb of dislocation climb & glide (leverage effect: irradiation creep experimental
dislocations loops i increases local stresses and creep data will
(function of dose and drives thermal creep) be'used for
temperature) 4 3 fitting of

T mechanisms

model for loop climb-rate,
function of loop density /
and temperature

Rate of defect trapping by
dislocations (basic MD or
kMC calculation) > MIC RO
Diffusivity of vacancies & Evolution of defects
interstitials in Zr alloys (clusters, loops) with S
: s experimental
(MD calculation based on [¢—p{ irradiation dose and TEpl\i data will
atomistic potentials) interaction with & Pe u-'.séd-' i
dislocations (basic MD or
kMC or DD calculations
» Los Alamos )
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Forces acting on a dislocation: climb and glide

* Peach-Koehler (stress related) fcnmb"
I n
ghde_‘b}c Z(b@ll) M— I |:>
( ) <j fgllde B// 5
f(:hmb ‘b‘ G b ® ) X X
fchemica
* Chemical force (non-equilibrium vacancies)
A N (xy)
k T C Disloc reference.
climb_chem = Lzlog 0 (b ® X) syslenn. V=disloc velocity
afb C, -

* C. Hartley, Phil Mag 83 (2003) 3783
* R. Lebensohn et al, Phil Mag 90 (2010) 567

A
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Mechanisms of thermal and irradiation creep

Thermal creep:

thermally activated vacancy diffusion
—> climb controlled glide

- need to balance sources and sinks
- relevant at high temperature

Irradiation creep:
driven by super-saturation of vacancies
and interstitials
- climb of dislocation loops
- climb and glide of edge
components of dislocations
- relevant at all irradiation temperatures

» Los Alamos
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Polycrystal creep model

The aggregate is represented by a collection of
crystal orientations with associated volume
fractions chosen to reproduce the texture.

Aggregate properties are given by averages
performed over the grains.

Anisotropy follows from  eep
texture (macro scale) ...

Y 4= .. but also from directional
P microstructure features

(3000 orients)

Polycrystal models provide a link between
- Los Alamos macroscopic response and microstructure

EST.1943
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Modeling thermal creep of the grain

The glide force is a resolved shear coming &
from the applied stress. 1
When the resolved shear is close to a ;_ _J_ ,
threshold shear glide occurs glide B//)A(
Glide tensor: mz = IliS bj ,
<, \e< Inverse of rate sensitivity - typically n,
. glide - Z s | My, Oy s ~3 for thermal creep
&ij = Yo ij ,Cglide P
> © \ Dislocation densities already present >
follow from evolution model or from
experimental measurements
Threshold stress
- function of temperature, dose, density of defects
> Los Alamos - follow from dislocation dynamics simulations or
Operated by I_E;;‘l::;mos National Security, LLC for NNSA from ﬁtS tO experimental y16|d Stresses M'é& 8



Modeling thermal creep of the grain

glide Z S mk[ le S
& =V 2 My olide P
S 0
(0001)1120)  (10To)1120)  (122fn23) m}, =n} b’
Basal Prismatic Pyramidal
slip slip slip

At the single crystal level, thermal creep rate is controlled by the
values of dislocation densities on the different slip systems, and by
the values of the threshold stresses

At the polycrystal level, thermal creep rate is further controlled by the
texture of the extruded pressure tubes or cladding tubes.

Extrusion is what induces the dislocation densities, different
depending on the orientation of each grain.

- Los Alamos
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Irradiation creep due to dislocation climb

Creep rate associated with crystallographic groups of dislocations
éalimb ! Z p(k)(l(k) < {/(k)) bgk) ‘V(k)‘
k

Specific case of creep rate associated with climb of sessile loops

.climb _ (k)1 (K)1. (k) ( (int) (Vac))
8ij - Z P bi bj o - = Kijkl(p)le +rij(p)
k
SN\ o
Dislocation density Burgers Flow rate of interstitials rowth rate
on different planes vector of and vacancies to Creep
dislocations compliance

dislocations

Flow rate is given by the integral of the defect flux
J around a dislocation circuit .

7(int) (int) _ A7) 37
J ® Jx) dl
pj Solve using discrete approach (atomistic+tMonte Carlo) or
» Los Alamos using continuum approach with anisotropic diffusivity given by
Operated by Ltcj; Z:;mos National Security, LLC for NNS§1[0m|SJ[IC ﬁ‘""&g% 10



Visco-Plastic Self-Consistent (VPSC)
Polycrystal Creep Model

Each grain is a visco-plastic anisotropic ellipsoidal inclusion embedded in a
visco-plastic anisotropic Homogeneous Effective Medium.

Solve stress equilibrium
equation for inclusion in the Gij j =( n
homogeneous medium. — -

-> Eshelby problem !

Constitutive creep law for the grain .
S ’ gl
- grain __ - glide -climb __ - gl S mkl Gk]
& =& T& =Y Zmij ( elide J + Kij_kl(p)ckl T Fij(p)
S

0O

Model gives the constitutive creep law for the polycrystal : g —M: 0+ EO

and the stress and creep rate in each grain: éigram and Gﬁram

— i
+ Los Alamos
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Applications of Crystallographic Model

* Accelerated Irradiation Creep and Growth of Zr-Nb tubes
* Coupled Thermal Creep and Irradiation Creep of Zrly

* Creep under superimposed pressure and shear forces in
SS cladding

*Yield response of irradiated SS cladding

» Los Alamos
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VPSC model : Accelerated Irradiation Creep &
Growth of Zr-Nb pressure tubes

AD

d
AD =152 1077 AD p, (D)= Pa

0 0

dp
D)= —¢
p. (D) 10

cos’0AD =0.1310""cos’ 0 AD

dp..
(D) =—%
P (D) 10

dmgnum 113 TD /

0

2¢ — 20

-
4]
i
-
44}

I B

Only assuming evolution of ¢’
loops predicts the right
dimensional changes... even
if only a low fraction of grains

contribute to this effect

TOTAL AXIAL STRAIN [10°]
o
!

TOTAL TRANSVERSE STRAIN [10°]
>
|

o ] 1 L1 L IAL! Llil i L 0 ]
0 5 10 18 0

' FLUENCE [10°° n/im?] FLUENCE [10*® nim’]
» Los Alamos
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Coupling thermal creep & irradiation creep

Creep terms at the single crystal level

s\
m,, © - irrad
- thermal __ - S kl ~kl S .. = . ..
gij = 'YO Zmij " thermal p 81J ngl (p)le + FU (p)
S T()
. ~ th: 1 ~irrad
Each component alone gives a polycrystal creep rate: EL % and  EJT
When both are acting simultaneously, they 1.80 —r——————————T7—
couple and give a polycrystal creep rate: ol Toane Tube i
~ total ~ thermal ~irrad ‘
Eij > EU 4 ]:‘_:IJ 120 L maximum
Ej[.otal R 115 |
The ratio = thermalIJ ~irrad
Eij + Eij 1.10 -
is a measure of the coupling. 105 |
= . ; ] = . - minimum
At low stress irradiation creep dominates, 1.00 |

at high stress thermal creep dominates, G
orm of ¢’ [GPa]

at intermediate stress coupling is non-negligible Turner, Tome, Christodoulou, Woo,
Operated by Los ;AIamos National Security, LLC for NNSA - - Philos Mag 79 (1999)
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Interpolation Table approach

* The polycrystal model provides a creep rate tensor for an

arbitrary applied stress tensor: +~ = -
L e=M:c+¢g,

* Derive a database by probing the polycrystal with multiple stress
states and listing the associated creep rates in a look-up Table

*When an arbitrary stress tensor is acting on the material,
interpolate between tabulated states to infer the creep rate.

—_———
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Climb and Glide Model for SS HT9

TEXTURE of Cr steel

RD 110 R 11 pole figures of Cr steel HT9

JETEN /i N — RD is the axial direction (AD=X1)

T ab ) ==\ T 1.0 TD is the circumferential direction (HD=X2)
= ) \-=2, ND is the radial direction (RD=X3) "

—

Glide assumed on <110> {111} dislocations (edge, screw, mix)
Climb assumed on <110> {111} dislocations (onIy edge component)

S [} I‘l N
. gram _ gllde ..climb . glz S mkl le Z Ckl le
8ij + 8 - yO mij [ Tgllde + yo Cll cllmb

S o

gl - -4 —1

YO. =o =107 Generate the Interpolation
% =100MPa ; n,=4 Table for this texture and
these parameters

pa

) e¢limb . -
- LosAlamos T =10MPa ; n, =1

Operated by Los Alamos National Security, LLC for NNSA #‘q"l_‘“}ﬁ&
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Interpolation Table Application to HT9 cladding:
Creep of pressurized tube with superimposed shear

pressurized tube with superimposed shear

ﬁ 0.015
0.010-: 8
T | — 2
O 0.005-:
| PR B
LT § Oy g ® 0000l 11
22 % 1 / \
: o ]
© -0.005-:
] _D11
Gy =06y -0.010 - 8 — Dy
] 12 ==
6, =P 1} =50MPa PSS N R—
10 05 00 05 1.0
63, =P 1/ =100MPa a

The superimposed shear enhances the
creep rate in the hoop and in the axial

/W di ;
‘— irections
» Los Alamos -

NATIONAL LABORATORY

G, =080, (-l<a<l)

Operated by Los Alamos National Security, LLC for NNSA Fv"'&zg% 17



Tensile deformation of irradiated SS 316L

The critical stress for moving dislocation contains a forest and an irradiation

hardening term
. . . Annealed 316L irradiated in spallation environment
Forest hardening is a function of the Preliminary modeling results

shear ‘I’ accumulated in each gran - @~ —"+"v"vve —— S

16

T =1 +(t, +0 ) 1-exp ——2 J
’t J
1

true stress

Irradiation hardening is a function of defect densiy

the evolving defect size ‘d’, defect = N=0Om®
density ‘N’ , and strength of VOO b
dislocation-defect interaction ‘o’ O N=0.0006 nm* ||
04— e ————————————— ————
. d 0.0 0.1 0.2 0.3
,Elrra = OL],lb\/ Nd true strain
_ The polycrystal simulation of tension reproduces the
- Los Alamos observed response of 316L irradiated to different doses

Operated by Los Alamos National Security, LLC for NNSA W ‘,



